Objective: To determine clinical and biological variables that predict time to initiation of symptomatic therapy in de novo Parkinson's disease patients. Methods: Parkinson's Progression Markers Initiative is a longitudinal case-control study of de novo, untreated Parkinson's disease participants at enrolment. Participants contribute a wide range of motor and non-motor measures, including biofluids and imaging biomarkers. The machine learning method of random survival forests was used to examine the ability of baseline variables to predict time to initiation of symptomatic therapy since study enrollment (baseline). Results: There were 423 PD participants enrolled in PPMI and 33 initial baseline variables. Cross-validation results showed that the three-predictor subset of disease duration (time from diagnosis to enrollment), the modified Schwab and England activities of daily living scale, and the Movement Disorder Society Unified Parkinson's Disease Rating Scale (MDS-UPDRS) total score modestly predicted time to initiation of symptomatic therapy (C = 0.70, pseudo-R 2 = 0.13). Prediction using the three variables was similar to using the entire set of 33. None of the biological variables increased accuracy of the prediction. A prognostic index for time to initiation of symptomatic therapy was created using the linear and nonlinear effects of the three top variables based on a post hoc Cox model. Interpretation: Our findings using a novel machine learning method support previously reported clinical variables that predict time to initiation of symptomatic therapy. However, the inclusion of biological variables did not increase prediction accuracy. Our prognostic index constructed, based on the group-level survival curve can provide an indication of the risk of initiation of ST for PD patients based on functions of the three top predictors.
Introduction
Parkinson's disease (PD) is a chronic neurodegenerative disease that has a substantial impact on the patient quality of life (QOL). While there is no curative treatment, there is a large armamentarium of symptomatic therapy (ST). Time to initiation of symptomatic therapy (TIST) is considered to be an important milestone in disease progression. 1 A number of previously completed large studies that tested putative disease-modifying therapies used TIST as the primary outcome measure for the efficacy of intervention. [2] [3] [4] TIST is a milestone that is subject to a number of subjective modifiers including patient and physician preference. However, TIST reflects the degree of diseaserelated disability, and as such, it is likely linked to the degree of underlying neurodegeneration. All previously completed analysis of the TIST were based on the correlation of the baseline demographics and disease-related clinical characteristics. [5] [6] [7] This study aimed to explore clinical and, for the first time, biological predictors of TIST in a large cohort of at-baseline de novo PD participants using modern machine learning methods.
Methods

Study design Participants
At baseline, PD subjects were required to be above age 30 and (1) have two of the following: bradykinesia, rigidity and resting tremor or have an asymmetric resting tremor, or asymmetric bradykinesia; (2) have been recently diagnosed (within 2 years); (3) untreated; and (4) have reduced striatal 123-I Ioflupane dopamine transporter (DatScan â , GE Healthcare, Arlington Heights, IL) imaging binding consistent with PD. As per protocol, participants were expected not to require initiation of ST for the first 6 months of the study. Afterward the decision of the time and choice of ST were made by the site investigator. Data on the TIST was reported to the coordination center and captured in the database. PPMI participants are assessed with a wide spectrum of clinical measures including Movement Disorders Society Unified Parkinson's Disease Rating Scale (MDS-UPDRS) 9 total and subscale scores.
Standard protocol approvals, registrations, and consents
Each participating PPMI site (1) received approval from an ethical standards committee on human experimentation before study initiation; and (2) obtained written informed consent for research from all individuals participating in the study.
Statistical methods
The outcome was TIST, defined as the years to initiation of ST from study entry (baseline), which was censored for 33% of the sample. Little is known about multivariate prediction of TIST, and predictors might interact in complex ways, might be highly correlated, or might have nonlinear effects. To allow for such possibilities, the machine learning method of random survival forests (RSF) was used for the analysis. 10 RSF is a variant of random forests 11 for rightcensored data which use randomization in growing recursive regression trees and then averages over the trees, which tends to produce more accurate predictions relative to traditional methods. 12 RSF requires minimal data assumptions, automatically accounts for complex relationships, and has previously proven useful in exploratory neurodegenerative research. 13 In the analysis, 2000 trees were grown for each group of predictors and averaging was over all the trees to yield estimated survival curves and indexes of the variables' predictive ability. There was <1% missing data for the predictors (no missing data for TIST), which was dynamically imputed within RSF using an iterative algorithm. 10 Two models were planned prior to the analysis and six models were unplanned. The planned models were a reference model with no predictors (Reference-0) and the model with all 33 predictors (RSF-33). The 33 predictors were selected based on all the variables collected in the PPMI database and included subject demographics, disease characteristics, cerebrospinal fluid biomarkers, and dopamine transporter imaging striatal binding ratios (DATscan) as summarized in Table 3 . The unplanned models were reduced-variable models (<33 predictors) based on the results of RSF-33. The last two models were semi-parametric survival models (Cox models) developed from the 3-predictor RSF (RSF-3; justification provided below). The Cox model was included because RSF is a "black-box" method that does not provide a single regression equation illustrating the nature of the predictor effects. For the full Cox model (Cox-full), all main effects were included, all nonlinear effects (quadratic polynomials), and interactions among pairs of predictors (product terms). Backward elimination based on the AIC 14 was used to select a final reduced model with fewer effects (Cox-reduced).
All models were developed on the full dataset, and the concordance index, C, was used to index in-sample prediction accuracy, which indicates the extent to which the predicted survival for a pair of patients correctly orders them in terms of their actual TIST. Cross-validation was used to help account for optimism due to variable selection and other biases. 15 Because C is not a strictly proper scoring rule, the integral of the time-dependent Brier score (BS) was used to assess predictive accuracy in the cross-validation over the survival time (smaller % indicating less prediction error) 16 and a pseudo-R 2 was computed to index the relative BS for each model compared to Reference-0 (no predictors). A recent survey of oncology and cardiovascular research found mean C = 0.78 with the lower and higher quartiles of 0.69 and 0.88, respectively. Therefore, we consider C = 0.78 to represent average effect size and the quartiles to represent "small" and "large" effects. 17 
Results
Demographics
Baseline demographic and disease characteristics of the cohort divided by the STÀ (censored event) versus ST+ (observed event) subgroups are presented in Table 1 . At the time of data analysis, the mean duration of study participation was 2.11 years (SD = 0.8; min 0.0/max 4.1), and 284/423 subjects started ST. The mean (SD) of TIST was 0.78 (0.5) years (N = 92 before 6 months). Table 2 shows demographic and PD characteristics of the cohort separated by the time to initiation of ST (N = 118 between 6 and 12 months, N = 65 between 1 and 2 years, and N = 9 after 2 years since enrollment). Based on t-tests and chi-squared tests comparing the ST+ and STÀ groups, the following variables were significantly associated with the initiation of ST: higher level of education (P = 0.0149), higher (worse) baseline MDS-UPDRS scores (P < 0.0001), lower (worse) Schwab and England activities of daily living (SE-ADL) scores 18 (P < 0.0001), higher (worse) degree of postural instability and gait disorder subscore (PIGD) and tremor subscore of the MDS-UPDRS (P = 0.0141 and P = 0.0026, respectively) calculated based on the algorithm published by Stebbins et al., 19 worse cognition as measured by Montreal Cognitive Assessment Scale (MOCA) 20 (P = 0.0031) and longer study participation (<0.0001) . Table 3 shows the in-sample (C) and cross-validation (Brier score, pseudo-R 2 ) indexes for all the models examined in RSF. The concordance for RSF-33 (C = 0.68) was small according to the benchmarks discussed above, as was the reduction in the Brier score relative to the reference model (pseudo-R 2 = 0.13). Table 4 ranks each variable with two measures of predictive ability: minimal depth (MD) and variable importance (Vimp). MD indexes how deep into the regression trees a predictor tends to occur. 21 A deeper occurrence means a predictor is less important in the regression trees, so smaller values of MD indicate greater predictive ability. Vimp indexes how much prediction changes when the split in the regression trees for a predictor is random. 10 Larger values indicate greater predictive ability. The variables are rankordered by MD. The most important predictor was duration (time from diagnosis to enrollment) [1] , and the least important predictor was ethnicity [33] . Several subgroups of predictors were identified based on the separation in space among clusters in a plot of MD by Vimp (see Fig. 1 ). Based on the initial results, we further examined subsets of the best 26 predictors (duration [1] to Epworth sleepiness scale (ESS) [26] ), the best seven predictors (duration [1] to MOCA total score [7] ), and the best three predictors (duration [1] , SE-ADL [2] , MDS-UPDRS Total Score [3] ). Table 3 suggests a preference for RSF-3 because it was the most parsimonious model that tied for the largest concordance (C = 0.70) and the largest reduction in the Brier score (pseudo-R 2 = 0.13).
Random survival forests
Subsequently, the initial full Cox model was based on the set of three predictors and had all interactions and nonlinear (quadratic) effects included. Backward elimination selected the final reduced model with the predictors of duration, duration 2 , SE-ADL, SE-ADL 2 , and MDS-UPDRS total score. The reduced Cox model appeared to wellcharacterize the important effects, as the model had the largest concordance (C = 0.71 ) and the largest reduction in Brier score (pseudo-R 2 = 0.13) of all the models; however, it is considered a below average effect according to our benchmarks. Table 5 shows the parameter estimates for the reduced Cox model. In order to summarize the reduced model Cox effects, a prognostic index (PI) 22 was computed for each patient using the composite of the scores of the predictors in the first column of Table 5 weighted by their estimated coefficients. Four risk groups of nearly equal size were formed based on the computed PI distribution. The distribution was arbitrarily scaled to mean = 20 and SD = 5. Figure 2 shows survival probabilities based on the Cox model of Table 5 . The first three graphs (A-C) show the curves for the first and third quartiles of the predictor of interest holding the other predictors at their mean values (nonlinear terms were included). The graph D at the bottom right shows the survival curves of the four PI groups and the ranges of the PI that define the groups. As the figure shows, higher relative risk of ST (lower survival probability) was associated with shorter disease duration, lower SE-ADL, and higher MDS-UPDRS scores. The PI graph (bottom right) indicates that greater risk was associated with a higher PI score (similar to the MDS-UPDRS).
Additional descriptive statistics of imaging and biologic variables in the ST+ versus STÀ groups are provided in Tables 6, 7 . Table 6 provides data on the DAT tracer uptake in the ST+ versus STÀ group by the region of interest. While there was a significant difference in the ipsilateral and contralateral putamen DAT tracer uptake, these variables ranked # 4 and # 6 in the prediction model (see Table 4 ) and did not increase prediction accuracy over the three top variables discussed above. Table 7 provides data of the cerebrospinal fluid Biologics in the ST+ versus STÀ group. Similar to DAT data, while P-tau was significantly lower in the ST+ group (P = 0.0063), it ranked # 5 in the overall prediction model (Table 4) . Lastly, Table 8 summarizes the classes of the dopaminergic therapy started in the ST+ group.
Discussion
Our analysis of the predictors of initiation of ST in a cohort of 423 early untreated at enrollment PD participants using a novel machine learning method of random survival forests showed that the 3-predictor subset of disease duration (time from diagnosis to enrollment), the SE-ADL, and the MDS-UPDRS total score modestly predicted time to initiation of ST (C = 0.70, pseudo-R 2 = 0.13) . Greater risk of initiation of ST was associated with shorter disease duration, lower SE-ADL score, and higher MDS-UPDRS score (see Fig. 2 ). Prediction using the three variables was equal to using the entire set of 33. None of the tested biomarkers or imaging variables improved the prediction accuracy. The two top predictors (SE-ADL score and disease severity as measured by MDS-UPDRS) are consistent with the previously published reports from analysis of the two largest studies that used TIST as the primary outcome measure. 23, 24 The finding that shorter disease duration was predictive of greater risk of initiation of ST is at first glance counterintuitive. However, at the time of study enrollment, those individuals with early initiation of ST were not eligible for enrollment into PPMI and did not have a time to the event. Compared to the previous analysis, 23 TD/PIGD score was not a strong predictor adjusting for the effect of all the other variables (RSF is a multivariate prediction method). The lack of effect was possibly due to the fact that the PPMI cohort represents subjects with very early disease and as such only 30% are classified into the PIGD subtype and even within that group there is a substantial shift into TD or indeterminate within the first year.
The major novel aspect of this analysis was the inclusion of the biological and imaging variables as predictors. While P-tau and putaminal DAT uptake were rankordered 4-6 in predictive strength (see Table 4 ), their addition to the top three predictors did not improve the overall cross-validation predictive accuracy (see Table 3 ). While it is disappointing that the biologically based predictors did not improve upon the three top variables, it is not unexpected. The decision to initiate ST is based on a constellation of objective factors like disease severity, as well as subjective factors like patient perceived disability and preference. It remains to be determined with the longer follow-up of the cohort if earlier initiation of ST correlates with the earlier onset of such major disease progression milestones as onset of postural instability Note: *Ipsilateral and contralateral refer to DAT tracer uptake and are defined in relation to the predominant side of clinical symptoms. For PD subjects with symmetrical presentation, ipsilateral and contralateral sides are defined as the mean of the left and right values. Please, refer to Table 1 for the explanation of the abbreviations. and cognitive impairment. There is an ongoing analysis of the PPMI data on the correlation of the DAT uptake and biologic variables with different measures of PD progression. Another novel aspect of this analysis is the fact that it used machine-based learning paradigm rather that a priory selection of the predictors. It is reassuring to see that the RSF analysis selected the top variables that are consistent with the clinician's paradigm of the decision process of the TIST. It should be emphasized that, while the three top predictors performed as well as the set of 33, the accuracy of the prediction was modest, with the effect size (C = 0.70) being considered small according to benchmarks. 17 The small effect size suggests there are other variables not captured in our dataset that play a role in the prediction of symptomatic therapy initiation.
There are a number of clinical and research implications of our results. In the clinical domain, our prediction model can be used to council patients regarding the timeframe to initiation of ST. For an individual PD patient, based on the scores of the top three predictors (linear and nonlinear effects), a group-level survival curve can be constructed to provide an indication of the risk of initiation of ST (see graph D of Fig. 2 ). In the clinical research domain, one of the major limitations of the design of the previously conducted clinical trials testing putative disease-modifying interventions is the fact that on average, 50% of the participants require initiation of ST in the first year of study, which means that the data are imputed from that point on. Selection of the participants based on our PI model can reduce that number. However, it should be recognized that predictions for a single person can be very inaccurate, as survival curves are inherently group-level indexes. As such, predictions apply to a person's cohort, with the cohort being defined by the same 3-predictor scores at baseline that form the basis of the PI-weighted composite. In addition, studies using time to initiation of ST as the primary outcome should ensure that the groups are balanced on these three top variables.
There are a number of study limitations that have to be highlighted. The 33 predictors were selected based on the scope of the data available at the time of analysis and did not include a number of potentially relevant variables like genetic status, environmental, occupational, and employment history, all of which can be of relevance. Furthermore, the usefulness of the selected model and the PI needs to be confirmed with an external validation study on an independent dataset. Follow-up data analysis at the point when all subjects start ST may address these limitations. Our results might not be generalizable to the PD population at large, as based on the nature of the study, participants had very early PD, were younger and were expected not to initiate ST for the first 6 months of the study. In addition, our cohort is predominantly White Non Hispanic and as such our data cannot be generalizable to other racial and ethnic groups.
In conclusion, our findings using a novel machine learning method support previously reported clinical variables that predict time to initiation of ST. However, the inclusion of biological variables did not increase prediction accuracy. These data can guide clinicians in counseling the patients and in the selection of the participants for the clinical trials. Further longitudinal analysis will establish correlation of the time to initiation of ST with the time to onset of the major disease disability milestones including postural instability and cognitive impairment. 
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